A small tabletop experiment for a direct measurement of the speed of light to an accuracy of few percent is described. The experiment is accessible to a wide spectrum of undergraduate students, in particular to students not majoring in science or engineering. The experiment may further include a measurement of the index of refraction of a sample. Details of the setup and equipment are given. Results and limitations of the experiment are analyzed, partly based on our experience in employing the experiment in our student laboratories. Safety considerations are also discussed.
I. INTRODUCTION
The speed of light is a basic physics quantity of importance in many areas of physics, be it astrophysics or relativity. Therefore, it is highly desirable to have an experiment to measure the speed of light that is easy to set up and any student can perform. In this note, we provide details of an experiment for directly measuring the speed of light in air. This small tabletop experiment can be performed quite satisfactorily by undergraduate students, including nonscience or non-engineering majors and perhaps also by high school students. The principle of the experiment dates back at least a few hundred years to that of Galileo. We obtain the speed of light from the time of flight, essentially by measuring the time the light takes to travel a certain distance and back. The experiment utilizes a pulsed laser and an oscilloscope to measure the time of flight.
The requirements for our experiment were as follows:
• The concept of the experiment is quite comprehensible to non-science and non-engineering majors.
• The optical path is in air and is visible.
• The experiment can be performed on a tabletop.
• The students are able to safely conduct the experiment without difficulty.
• The measurement is reasonably accurate, but does not sacrifice clarity for precision.
• The cost of the experimental setup is inexpensive.
We have been able to satisfy all the requirements above. To our knowledge, standard experimental textbooks do not contain expositions of an experiment such as ours. Many experiments to measure the speed of light have been presented, including a number of interesting time of flight measurements 1,2,3,4,5,6,7 . However, we could not find any that satisfied all the requirements. In particular, most of the simpler experiments require a large space, which we can not afford.
The purpose of this note is pragmatic: Our objective is to provide the details of the experiment to a wide audience, so that it can be performed at other institutions, if so desired. The electronic part of the experiment is original and we provide its full details below. The components needed to build the light source and the detector are quite inexpensive. Experiments that are different, but similar in spirit, seem to be performed at other institutions 8,9,10 . The basic experimental setup is simple and is shown in Fig. 1 and Fig. 2 . Pulsed laser is reflected off a mirror and is detected by a photodiode. An oscilloscope is used to obtain the time of flight τ = 2L/c, where L is the (one way) length of the path. The circuits for the pulsed laser and the detector are shown in Fig. 3 and Fig. 4 . The pulsed laser has a quartz generated pulse modulation frequency of 1.0 MHz, wavelength 650 nm and an average optical output of 30 µW (30 pJ/pulse). We have used a 200 MHz oscilloscope with 2 GHz sampling (Tektronix TDS2022). Such oscilloscopes are now quite standard and are affordable, especially considering that they can be used for various purposes. An example of the observed signal is shown in Fig. 5 . The total space required by the experimental equipment is about 1.5 m by 0.5 m.
II. DETAILS OF THE EXPERIMENT
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To be concrete, we outline the procedure in our student experiments, which we have found to be quite effective, as an example. We let the students measure the difference in the time of flight, τ , at various L, from a reference value.
(We use L = 0.2, 0.4, 0.6, 0.8, 1 m from the reference point.) Then the students plot the data points and fit a straight line to them to obtain the speed of light. Some reasons we have chosen this procedure is as follows:
• By measuring the delay caused by light transmission for various L, it is difficult for students to miss the meaning of the finiteness of the speed of light.
• Taking multiple measurements not only increases accuracy but decreases the probability of simple errors. We remark here that using lengths such as L = 1.5 m lead to τ values which are quite close to round numbers. This tends to mislead the students into thinking that the speed of light measurement has unreasonably small experimental errors, since the students tend to obtain 3.0 × 10 8 m/s as a result which differs from the precise value only by 0.1 %. The dominant source of error in the experiment is the measurement of the time interval, τ. With a 200 MHz oscilloscope we use, error in the time interval ∆τ ≃ 0.2 ns. With L = 1 m and τ = 6.7 ns, the relative error in the velocity of light is 3%. The error can be reduced by using larger L or a faster oscilloscope. Also, using a slower oscilloscope such as one at 100 MHz increases the experimental error with the same distance. A systematic error is introduced by approximating the path length by L without taking into account the lateral shift in the beam. While the correction can be incorporated, its relative contribution is at a few times 0.1 % level. Overall, we find the precision of this experiment to be quite satisfactory for our purposes. We briefly explain an extension of the experiment which we also perform. By including some refractive material in the optical path, we can measure its index of refraction from the time delay, τ delay , using the equation
Here, L 1 is the physical length of the refractive material in the optical path. We have used an acrylic rod of the absolute error in the index of refraction for our setup is 0.1. This is not so accurate, but is quite sufficient for our purposes, which is to see that having an index of refraction larger than one is equivalent to having a slower speed of light and to obtain the approximate value of the index. Since the light is attenuated by the refractive material, it is more difficult to pick up the signal, but students can do so with a little effort. This part of the experiment is easier to perform without a mirror. Let us comment on the safety aspects regarding the laser beam: The average power of the laser light is 30 µW. The measured pulse width is 2.5 ns. This is an upper bound since the high frequency measurement can be limited by the performance of the oscilloscope itself. While it is ill-advised to observe the laser light without safety glasses, the laser beam does not seem to necessitate such safety precautions at this time 11 . The laser circuit (Fig. 3) is designed containing a feedback circuit to keep the average light output constant. The average output was chosen to satisfy the following two competing conditions: From safety considerations, we would like the output to be small. However, we also would like the beam to be strong enough and visible so that the experiment can be performed with ease. Our choice seems to satisfy both these conditions, as explained above. The pulse modulation frequency was chosen to obtain the desired light output.
III. DISCUSSION
We have explained concretely how to realize a small tabletop experiment to measure the speed of light to a few percent level. The error can be easily brought down to a percent level if we allow ourselves to use a path length of few meters, instead of one as was done above. To achieve such accuracy, the quality of the signal and the detector was crucial and the required electronics has been explicitly described above. We have adopted this experiment, including the index of refraction measurement, in our classes and roughly 600 students majoring in humanities and social sciences (mostly freshmen) at Keio University have performed it. The experiments have been conducted essentially with no problems and the results are quite satisfactory. The experiment is done in groups of one or two students each, in a three hour session. This includes the time for explanation by the lecturer and the time to write a short report on the experiment. The concept of the experiment is easily grasped by non-science/engineering majors. Furthermore, the experimental output tends to lead to a good understanding of the finiteness of speed of light, which is otherwise not easy to experience directly. Most students achieve the kind of experimental accuracy as designed. Also, using refractive material, the students can really see and understand that the refractive material "slows the light down". For most non-science/engineering students, it is the first (and maybe the last) time for them to handle an oscilloscope and this technical aspect is probably the most difficult part of the experiment. Most students seem to understand and enjoy the visualization of the signal provided by the oscilloscope. Other than some instructions on the usage of the oscilloscope, the experiment can be performed independently by students in most cases.
